Rheological and flow modelling of viscoelastic fluids between eccentric cylinders  by Liu, Kai & Grecov, Dana
Applied Mathematical Modelling 35 (2011) 1603–1615Contents lists available at ScienceDirect
Applied Mathematical Modelling
journal homepage: www.elsevier .com/locate /apmRheological and ﬂow modelling of viscoelastic ﬂuids between
eccentric cylinders
Kai Liu, Dana Grecov ⇑
Department of Mechanical Engineering, University of British Columbia, Vancouver, Canada V6T 1Z4a r t i c l e i n f o
Article history:
Received 31 August 2010
Accepted 17 September 2010
Available online 26 September 2010
Keywords:
Non-Newtonian ﬂuids
Journal bearings
Lubrication
Maxwell ﬂuid
Numerical simulations0307-904X/$ - see front matter  2010 Elsevier Inc
doi:10.1016/j.apm.2010.09.036
⇑ Corresponding author.
E-mail address: dgrecov@mech.ubc.ca (D. Grecova b s t r a c t
Viscoelastic ﬂuid ﬂows within eccentric rotating cylinders are simulated using a ﬁnite
element based commercial software POLYFLOW, and an approach based on the stream-
tube method (STM) and domain decomposition.
The ﬂuids considered are non-Newtonian, viscoelastic and modelled by an Upper
Convective Maxwell (UCM) constitutive equation. The results point out the inﬂuence of
non-Newtonian ﬂuid properties on ﬂows between eccentric cylinders with moderate and
narrow gaps. Signiﬁcant viscoelastic effects, notably the role of elasticity, are found for
all eccentric cylinders conﬁgurations.
 2010 Elsevier Inc. All rights reserved.1. Introduction
In this study, viscoelastic ﬂows between eccentric rotating cylinders are computed using ﬁnite element based commercial
software POLYFLOW, and the stream-tube method (STM) [1,2]. These ﬂows are directly connected to journal bearing
lubrication.
Key to the efﬁciency and effectiveness of journal bearings is the performance of the lubricant, which can affect friction,
wear and load bearing capacity. Before it can be used, the lubricant must be assessed over a wide range of dynamic operating
conditions, an expensive and time consuming process. The modelling and simulation process to predict the ﬂow of the lu-
bricant in a journal bearing can generate important economies.
In the classical hydrodynamic lubrication approach, lubricants are assumed to behave as Newtonian ﬂuids. For many
practical lubrication applications, the Newtonian ﬂuid constitutive approximation is not a satisfactory engineering approach.
Experiments have shown that the addition of small amounts of long-chained polymer additives to a Newtonian ﬂuid pro-
duces desirable lubricant properties. For Newtonian oil lubricants the addition of polymers has modiﬁed the rheological
properties in such a way that viscosity versus shear rate is not constant and introduced elastic effects.
The viscoelastic ﬂuid effect on eccentric rotating cylinders is a long-standing and attractive subject in tribology. In the
literature, numerous studies have been devoted to the viscoelastic ﬂow between eccentric rotating cylinders, using different
computational or experimental methods, in order to assess the lubricant viscoelasticity and/or lubrication performances.
For example, Davies and Li [3] adopted a pseudo-spectral method with bipolar transformation to simulate non-isothermal
ﬂows between eccentric rotating cylinders, using a White–Metzner viscoelastic differential model for the ﬂuid. Beris et al. [4]
have studied steady ﬂows between slightly eccentric cylinders, for inelastic and viscoelastic differential ﬂuids, using a
Galerkin ﬁnite-element method and a spectral ﬁnite-element technique. Similarly, the analysis proposed in Chawda and. All rights reserved.
).
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and to analyse the stability of three dimensional disturbances, for an Upper-Convected Maxwell ﬂuid. In order to investigate
speciﬁc lubrication problems related to the separate and combined effects of shear thinning, temperature thinning and
temperature thickening in two-dimensional journal bearings, a method involving spectral elements has been proposed in
Li et al. [6].
Furthermore, a study by Huang et al. [7] investigated UCM ﬂuids within eccentric rotating cylinders at low eccentricities
in steady state (inertia neglected). Using a combined spectral element method with an ALE (arbitrary Lagrangian–Eulerian
ﬁnite-element) formulation, Gwynllyw and Phillips [9] assessed the inﬂuence of the relaxation time for Oldroyd-B and PTT
ﬂuids on their load bearing characteristics. Dynamic journal bearings were investigated for Cross ﬂuids by Li et al. [6] and for
couple stress ﬂuids by Chang-Jian [8].
Berker et al. [9] and Williamson et al. [10] assessed experimentally the effect of polymer additives in journal bearings for
several multi-grade lubricants and found that viscoelasticity of the multigrade oils did indeed produce a measurable and
beneﬁcial effect on lubrication characteristics such as load capacity at high eccentricity ratios.
However, the effect of ﬂuid viscoelasticity on the ﬂow between eccentric rotating cylinders is not yet completely eluci-
dated. The main challenge is to obtain numerical convergence for viscoelastic ﬂuids in narrow and moderate gaps for three
dimensional time dependent problems. The ultimate objective of this study is to reveal viscoelastic effects on the ﬂow
between eccentric rotating cylinders and on the lubrication performances.
The ﬁrst speciﬁc objective of this study is to apply analyses based on stream-tube methods (see [1,2,11]) that may enable
ﬂows of incompressible ﬂuids obeying viscoelastic constitutive equations to be simulated using simple computational
domains. Calculations, corresponding here to steady and isothermal situations, are related to a stream tube method that
provides the possibility to compute main ﬂow zones as well as vortex regions using domain decomposition and local trans-
formation functions. The analysis permits accurate calculations of annular ﬂows for various constitutive equations, with
spatial variables in a simple computational domain. An extended description of the method is presented in previous papers
by Grecov and Clermont [1,2] for steady state calculations of ﬂows with moderate and high viscoelasticity. In a recent paper,
Clermont and Grecov [12] developed a new formulation for unsteady calculations.
The second speciﬁc objective is to calculate viscoelastic ﬂows between eccentric cylinders using POLYFLOW commercial
software. The different numerical method used by this software allows calculating 2D and 3D transient ﬂows, for moderate
viscoelasticity.
The paper is organized as follows. The mathematical model and constitutive equations are presented in Section 2. Then,
the numerical procedure and validations are presented in Section 3. In Section 4 numerical results and discussion for 2D and
3D cases are presented. Finally, in Section 5, some conclusions are drawn.2. Governing equations
Fig. 1 presents the schematic of eccentric annulus geometry considered for ﬂowmodelling and numerical simulations and
for rheological characterization. The inner cylinder of radius Ri rotates with an angular velocity X. The outer cylinder of
radius Ro, is at rest. The eccentricity e denotes the distance between the axes of the cylinders. The relative eccentricity is
deﬁned as e = e/(Ro  Ri).
A Cartesian system of coordinates is used and the centre of outer cylinder is set as the origin.Fig. 1. Schematic of the eccentric annuli geometry.
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Continuity equation for incompressible ﬂuidsr  V ¼ 0; ð1Þ
where V is velocity vector.
Equation of momentumq
@V
@t
þ V  rV
 
¼ rpþr  sþ qg; ð2Þwhere q is the density, p is the pressure, and s is the stress tensor.
2.1. Constitutive equations
Several models for inelastic and viscoelastic materials are adopted in ﬂow computations.
For generalized Newtonian constitutive models, the relationship between the stress tensor and rate of the deformation
tensor is as follows.s ¼ lð _cÞ _c; ð3Þ
where _c is the shear rate, _c is the rate of deformation tensor, and lð _cÞ is the viscosity function of local shear rate.
The viscosity of a generalized Newtonian ﬂuid is a function of shear rate. The generalized Newtonian constitutive equa-
tion is a simple constitutive model, but can capture the non-Newtonian behavior with sufﬁcient accuracy for inelastic ﬂuids.
The viscosity as a function of local shear rate can be deﬁned by ﬁtting the viscosity data from experimental measurements.
The function can have various forms in order to better ﬁt the material’s characteristic. For example, the Carreau ﬂuid viscos-
ity function [13] is given by:l l0
l0  l1
¼ ½1þ ðb _cÞ2n1=2; ð4Þwhere l0 and l1 are zero shear viscosity and the viscosity at high shear rates respectively, b and n are material parameters.
Viscoelastic constitutive models can include memory effects caused by elasticity of material. The stress tensor is a func-
tion of the history of the rate of deformation tensor instead of a function of the instantaneous rate of deformation tensor.
Appropriate choices for the viscoelastic model and related parameters can yield qualitatively and quantitatively accurate
representations of viscoelastic behavior. Two viscoelastic models – Upper Convected Maxwell (UCM) model and Phan–
Thien–Tanner (PTT) model are considered in this work.
UCM model is a differential generalization of the Maxwell model for the case of large deformations based on the Upper-
Convected time derivative. The model can be written as [13]:sþ k sr ¼ l0 _c; ð5Þ
where k is relaxation time, l0 is zero shear viscosity, and s
r
is Upper-Convected time derivative of stress tensor which is
expressed as:s
r ¼ @
@t
sþ V  rs ðrVÞT  s sðrVÞ: ð6ÞUCM constitutive model incorporates memory effects of materials, but its viscosity is constant at various shear rates.
The PTT model is a simple quasi-linear viscoelastic constitutive equation, which is widely used in simulations of polymer
solution ﬂows. The complete form of PTT constitutive equation is [13]:f ðtrsÞ  sþ k s
rþ n
2
kð _c  sþ s  _cÞ ¼ l _c: ð7ÞThe linearized form of stress function is:f ðtrsÞ ¼ 1þ elkl trs; ð8Þwhere n is a parameter which is related to the slip between the molecular network and the continuum medium, trs is the
trace of the stress tensor, and el is the elongation parameter.
PTT model incorporates memory effects of material and its viscosity can change with the variation of shear rate. When n is
zero, PTT constitutive equation reduces to its simpliﬁed form (SPTT):f ðtrsÞ  sþ k s
r ¼ l c : ð9Þ
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Numerical simulations of the mathematical model are performed using a numerical procedure based on stream tube
method and POLYFLOW software. POLYFLOW is a ﬁnite-element computational ﬂuid dynamics software designed primarily
for viscoelastic ﬂuid dynamics applications. A Sun Fire X4450 64 server with 4  Quad-core Intel Xeon X7350 processor
and 16 GB memory is used to run simulations.3.1. Stream tube method
For the stream tube method, the governing equations involve the dynamic and constitutive equations, together with
boundary condition relations. Mass conservation is automatically veriﬁed. We adopt a mixed formulation where the
unknowns are the pressure, the mapping functions and the stress components (see [1]). Owing to the rectangular mesh
deﬁned in the computational sub-domains, ﬁnite-difference formulae are adopted to approximate the derivatives involved
in the equations and regular meshes were used to discretize the equations and unknowns in terms of the transformation
functions and their derivatives [11]. The computations are carried out with two or more sub-domains. The mapping func-
tions at the reference sections are unknown and evaluated iteratively by the Levenberg–Marquardt optimization algorithm.
The reference sections remain unchanged during the iterative process. The compatibility equations at the interfaces of the
sub-domains are solved together with boundary conditions and governing equations.
At each iteration, new values of the separating angles between the domains are obtained.
Consequently, the sizes of the physical and mapped sub-domains are modiﬁed and new meshes are built in the compu-
tational sub-domains. The process is repeated up to veriﬁcation of the convergence criteria.
Tests were performed for inelastic (Newtonian and purely viscous Carreau) ﬂuids and viscoelastic materials modelled by
differential equations, for which comparisons with data from the literature were possible (see [2]).3.2. POLYFLOW
Various domain meshing methods and numerical schemes are tested and compared to obtain effective and efﬁcient
numerical systems for 2D and 3D numerical simulations. Mesh independence studies were performed for all cases simulated.
As an example, Fig. 2 presents a typical 3D mesh for numerical simulations of UCM ﬂuids (Ro = 6 cm, Ri = 5.084 cm, axial
length L = 8 cm, and e = 0.7). Non-slip boundary conditions are imposed on both cylinders, and periodic boundary conditions
(with zero normal force) were used at both axial ends. For numerical simulations, evolution methods for angular velocity of
inner cylinder and EVSS (Elastic Viscous Split Stress) [14] interpolation scheme for stress are used. As the relaxation time or
angular velocity increases, the non-linearity and stiffness of the equations increase, therefore the following differentFig. 2. Finite element mesh for 3D UCM at eccentricity ratio e = 0.7.
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Fig. 3. Wall shear stress at the inner rotating cylinder versus angular velocity in concentric annulus for a SPTT ﬂuid. o – analytical solution from [16]; * – our
numerical results obtained using POLYFLOW.
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Fig. 4. Dimensionless velocity component Vh for h = 0, e = 0.7, x = 20 rad/s as a function of dimensionless radius r*. The results are obtained using STM and
POLYFLOW for Weissenberg numbers: We = 3 and We = 5.
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polation scheme for stress are adopted. The numerical convergence criterion is 106.
Different validations based on analytical solutions, experiment results and other numerical simulations are performed.
As an example, Fig. 3 presents the computed wall shear stresses and analytical results obtained by Mirazadeh and
Escudier [15] for purely tangential ﬂow of a SPTT ﬂuid within a concentric annulus (Ri = 5.084 cm and Ro = 6 cm). At low
angular velocities the results are in good agreement. However as the angular velocity increases, there is an increasing dif-
ference between the numerical results and analytical solution. This is caused by the assumptions of purely tangential ﬂow
and thin ﬁlm used for derivation of the analytical solution.
Comparisons between the numerical results using STM and POLYFLOW are performed and found to be in very good agree-
ment. We present here, as an example in Fig. 4, the dimensionless velocity component Vh as a function of dimensionless ra-
dius r* at h = 0, obtained using STM and POLYFLOW for Weissenberg numbers We = 3 and 5 (for details about the deﬁnition
of dimensionless parameters see [2]).
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Fig. 5. Pressure along the inner cylinder for UCM ﬂuids at various relaxation times (k = 0.0003–0.1 s).
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Fig. 6. Shear stress along the inner cylinder for UCM ﬂuids at various relaxation times (k = 0.0003–0.1 s).
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Steady and transient simulations for Newtonian and UCM ﬂuids within eccentric rotating cylinders for 2D and 3D cases
are performed in order to identify and characterize the viscoelastic effects on the ﬂow. The viscoelasticity is characterized by
a dimensionless number, Weissenberg number, which is the ratio of the relaxation time of ﬂuid and a speciﬁc process time. It
is deﬁned as We ¼ kVcc , where VC is the characteristic velocity and it is expressed as Vc ¼ RiþRo2 X and c is the radial clearance,
-500
-400
-300
-200
-100
0
100
200
300
400
500
600
0 1 2 3 4 5 6 7
N
1 
(P
a)
Angle (rads)
0.1 s
0.03 s
0.003 s
0.0003 s
Fig. 7. First normal stress difference along the inner cylinder for UCM ﬂuids at various relaxation times (k = 0.0003–0.1 s).
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K. Liu, D. Grecov / Applied Mathematical Modelling 35 (2011) 1603–1615 1609c = Ro  Ri. The inner cylinder is rotating steadily in a clockwise direction at an angular velocity of 5.24 rad/s. Other param-
eters for 2D simulations using UCM ﬂuid properties and the geometry of eccentric cylinders are selected as follows:
l = 0.3 Pa s, q = 900 kg/m3, Ro = 6 cm, Ri = 5.084 cm, and e = 0.7.
Fig. 9. Load capacity on the inner cylinder in start-up ﬂow for UCM ﬂuids (relaxation time k = 0.03 s) at various eccentricity ratios (e = 0.6, 0.7 and 0.8).
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Fig. 10. Load capacity on the inner cylinder versus Weissenberg number for Newtonian and UCM ﬂuids.
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4.1.1. POLYFLOW results
In this section, we present results obtained using POLYFLOW, for a 2D ﬂow domain (Fig. 1) with maximumWe = 5, limited
by POLYFLOW capabilities [14].
In order to evaluate the viscoelastic effects of UCM ﬂuid on the ﬂow, various relaxation times varying from 0.0003 s to
0.1 s for UCM ﬂuids are studied.
The effect of viscoelasticity on pressure is very important for journal bearing performance, as the pressure around the
inner cylinder is the main factor to generate load capacity in a journal bearing. Therefore, Fig. 5 presents the pressure proﬁles
along the inner cylinder at various relaxation times (consequently different Weissenberg numbers). The proﬁles shift to the
left with the increase in relaxation time. When the relaxation time is small, such as it is lower than 0.003 s, the pressure pro-
ﬁle is close to a Newtonian anti-symmetric pressure proﬁle. For a relaxation time of 0.1 s, the pressure proﬁle clearly shifts to
the left and deviates strongly from anti-symmetry. The difference between highest and lowest pressures increases with
relaxation time.
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Fig. 11. Friction coefﬁcient versus Weissenberg number for Newtonian and UCM ﬂuids.
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have on the ﬂow characteristics, speciﬁcally on the load capacity and moment for journal bearing applications. Fig. 6 pre-
sents the proﬁles of shear stress along the inner cylinder at various relaxation times. The proﬁle of shear stress for a low
relaxation time of 0.0003 s is very close to the symmetric shear stress proﬁle for a Newtonian ﬂuid. When the relaxation time
is further increased the shear stress proﬁle changes substantially. For a relaxation time of 0.1 s, the lowest shear stress occurs
in the range of 3–4 radians and is signiﬁcantly more negative than for the 0.03 s relaxation time. For the same relaxation
time, the increase in the highest shear stress occurring in the range of 2–3 radians, is relatively less, compared with the shear
stress a relaxation time of 0.03 s.
One of the most important effects that elasticity has on a ﬂow is related to the normal stress difference. Fig. 7 presents the
proﬁles of normal stress differences (N1 = sxx  syy) along the inner cylinder for various relaxation times. For low relaxation
times, the normal stress difference proﬁles are almost ﬂat. For high relaxation time the highest value of normal stress dif-
ference reaches 250 Pa which is 2.5 times the highest value at a relaxation time of 0.03 s and nearly 10 times the highest
value for a relaxation time of 0.003 s. The ﬁrst normal stress difference proﬁles show an important viscoelastic effect at a
relatively high relaxation time.
Changes to the stress proﬁles due to changes in relaxation times are clearly nonlinear and display signiﬁcant viscoelastic
effects.
We now investigate the effect of relaxation time and other ﬂow parameters on the hydrodynamics load and friction.
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Fig. 13. Friction coefﬁcient versus Weissenberg number for UCM (POLYFLOW and STM results).
Fig. 14. Z-velocity contours (X = 6500 rad/s) for Newtonian ﬂuid at YZ cross-section (X = 0) in the widest gap (a) and in the narrowest gap (b).
1612 K. Liu, D. Grecov / Applied Mathematical Modelling 35 (2011) 1603–1615Fig. 8 presents the evolution of load capacity on the inner cylinder for various relaxation times of UCM ﬂuid. When the
relaxation time is as low as 0.0003 s, the load capacity gradually increases until the steady state is reached. As the relaxation
time increases, there is a slight ﬂuctuation characteristic in the evolution of load capacity. For higher relaxation time of 0.1 s,
the scale and number of ﬂuctuations are much greater, and it takes muchmore time to reach a steady state ﬂow, pointing out
the dominant inﬂuence of elastic properties with respect to viscosity effects.
Fig. 9 presents the evolution of load capacity on the inner cylinder for eccentricities (e = 0.6, 0.7 and 0.8) for UCM ﬂuid
(relaxation time k = 0.03). The trend for different eccentricities is similar. As the eccentricity increases the load capacity is
enhanced and the steady state force is higher than the overshoot value. This is consistent with the experimental observations
that showed that a higher capacity load is obtained for a higher eccentricity.
Fig. 10 presents the variation of load capacity with Weissenberg number for Newtonian and UCM ﬂuids. When the relax-
ation time of UCM ﬂuid is less than 0.03 s, the load capacity for Newtonian and UCM ﬂuids are quite similar.
With further Weissenberg number increases (through relaxation time increase), the load capacity on the inner cylinder
gradually increases. The gradient of load capacity also increases with Weissenberg number. This clearly indicates that the
load capacity can be improved by increasing the relaxation time of UCM ﬂuid. Higher load capacity can be achieved using
Fig. 15. X-velocity contours (X = 5.24 rad/s) for UCM ﬂuid (k = 0.03 s) in XY cross-sections at different axial positions: (a) z = 4 cm; (b) z = 7.3 cm; (c)
z = 7.5 cm and (d) z = 7.7 cm.
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load capacity also maintains a minimum thickness of lubricant, necessary between two relatively moving surfaces and
therefore makes the journal bearing work more efﬁciently and safely.
Friction in journal bearings is characterized by a dimensionless number, friction coefﬁcient, which is calculated from:
Cf = Ff/Fl, where Ff is the friction force and Fl is the load capacity.
Fig. 11 presents the friction coefﬁcient versus Weissenberg number for Newtonian and UCM ﬂuids. It can be found that
the friction coefﬁcient increases with Weissenberg number. For low Weissenberg numbers, the friction coefﬁcient increases,
however the gradient of friction coefﬁcient decreases with increasing Weissenberg number for Weissenberg numbers
between 1 and 3.5, and a plateau region is reached for Weissenberg numbers in the range of 2.5–3.5. Therefore, for low
Weissenberg numbers we can conclude that a Newtonian ﬂuid will improve the lubrication performances, related to friction.
In our numerical simulations using POLYFLOW, the maximum Weissenberg number is 5, limited by the software
capabilities.
4.1.2. Stream-tube method results
We present here results for a 2D geometry, with UCM ﬂuid, for high viscoelasticity (high Weissenberg number) using the
stream tube method based code. The limit of convergence with a UCM ﬂuid was found to correspond to a Wiessenberg num-
ber of around 80.
Fig. 12 presents the load capacity on the inner cylinder versus Weissenberg number for UCM ﬂuid, using POLYFLOW and
stream tube method based code. It shows that the load capacity can be greatly improved by increasing the viscoelasticity
(Weissenberg number) of UCM ﬂuid.
Fig. 13 presents the friction coefﬁcient versus Weissenberg number for UCM ﬂuid, based on results using POLYFLOW and
STM based code. It shows that the at relatively high We numbers the friction decreases, so the lubrication performances for
ﬂuids with higher viscoelasticity are improved.
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Fig. 16. Load capacity for 2D and 3D for Newtonian ﬂuid within eccentric rotating cylinders.
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POLYFLOW for low Weissenberg numbers.
4.2. Three dimensional ﬂows
Steady state ﬂow for Newtonian and UCM ﬂuids within eccentric rotating cylinders are investigated in 3D numerical sim-
ulations using POLYFLOW.
In this simulation, Taylor vortex ﬂow within eccentric rotating cylinders is investigated. The ﬂuid is Newtonian
(l = 0.099 Pa s and q = 1048 kg/m3) and periodic boundary conditions (with zero normal force) at both axial ends are used.
The 3D geometry is created as follows: Ro = 2.54 cm, Ri = 2.5146 cm, length L = 0.0508 cm, and e = 0.2. The angular velocity
of inner cylinder is 6500 rad/s.
Fig. 14 presents Z-velocity contours at YZ cross-section (X = 0) for the widest and narrowest gaps, respectively. The Taylor
vortex ﬂow is clearly observed in this eccentric annuli ﬂow.
Fig. 15 presents X-velocity contours for the UCM ﬂuid in XY cross-sections at different axial positions. The UCM ﬂuid
with e = 0.3 Pa s, q = 900 kg/m3, k = 0.03 s, is used for the 3D study. The inner cylinder is rotating at an angular velocity of
5.24 rad/s.
In the wide gap, from the axial middle position (z = 4 cm) to the end (z = 7.3 cm, z = 7.5 cm and z = 7.7 cm), the recircu-
lation size decreases and the break of recirculation contours could be observed. Comparing with similar calculations for
Newtonian ﬂuids and UCM ﬂuids in 2D, it appears that the size of recirculation increases with viscoelasticity [1] and the
break in recirculation is not captured by 2D calculations.
Fig. 16 presents the comparison of the load capacity predicted by 2D and 3D simulations for the Newtonian ﬂuid within
the eccentric annulus. The ﬁnite length of the eccentric cylinders has an effect on load capacity. For both cases, the variation
of load capacity with angular velocity is linear. However the slope of the line is slightly less for the 3D case when compared
to the 2D case. This would lead to a signiﬁcant difference in the load capacity at very high angular velocities.
5. Conclusion
Numerical simulations for viscoelastic ﬂuids ﬂow within eccentric rotating cylinders are performed using commercial ﬁ-
nite element software POLYFLOW and an approach using a stream-tube method and domain decomposition. POLYFLOW en-
ables calculations for moderate viscoelasticity (moderate Weissenberg numbers), 3D and transient conditions. STM method
enables 2D calculations for steady state, for ﬂuids with high viscoelasticity (high Weissenberg number), due to the efﬁciency
and robustness of this method. Overall, numerical results revealed that lubrication performance is greatly affected by the
viscoelasticity of the ﬂuid. Increased load capacity on the inner cylinder can be achieved by increasing viscoelasticity of ﬂow.
The friction increased for low Weissenberg numbers (viscoelasticity) and started to have an important decrease for high
K. Liu, D. Grecov / Applied Mathematical Modelling 35 (2011) 1603–1615 1615Weissenberg numbers, leading to an improvement in lubrication performance. The load capacity for 3D calculations was
found to be lower than for 2D calculations. Three-dimensional calculations for viscoelastic ﬂuids with high Weissenberg
number are still needed in order to conclude on the inﬂuence of viscoelasticity on lubrication performance.
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